Anisotropic  interactions  between  cold  Rydberg  atoms 


Luis  Marcassa 

INSTITUTO  DE  FISICA  DE  SAO  CARLOS 


09/28/2015 
Final  Report 


DISTRIBUTION  A:  Distribution  approved  for  public  release. 


Air  Force  Research  Laboratory 
AF  Office  Of  Scientific  Research  (AFOSR)/  IOS 
Arlington,  Virginia  22203 
Air  Force  Materiel  Command 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  No.  0704-0188 


The  public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including 
suggestions  for  reducing  the  burden,  to  the  Department  of  Defense,  Executive  Service  Directorate  (0704-0188).  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no 
person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not  display  a  currently  valid  OMB  control  number. 

PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ORGANIZATION. 


1.  REPORT  DATE  (DD-MM-YYYY)  2.  REPORT  TYPE 

22/09/2015 


4.  TITLE  AND  SUBTITLE 

"Anisotropic  Interactions  Between  Cold  Rydberg  Atoms" 


3.  DATES  COVERED  (From  -  To) 

01/09/2012-31/08/2015 


5a.  CONTRACT  NUMBER 

FA9550- 12- 1-0434 


5b.  GRANT  NUMBER 


6.  AUTHOR(S) 

Prof.  Dr.  Luis  Gustavo  Marcassa 


5c.  PROGRAM  ELEMENT  NUMBER 


5d.  PROJECT  NUMBER 


5e.  TASK  NUMBER 


5f.  WORK  UNIT  NUMBER 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Instituto  de  Frsica  de  Sao  Carlos 

Av.  Trabalhador  sao-carlense,  400  -  Pq.  Arnold  Schimidt,  CEP:  13566-590,  Sao  Carlos 
-  SP  -  Brasil 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

USAF,  AFRL  DUNS  143574726 
AF  OFFICE  OF  SCIENTIFIC  RESEARCH 
875  N.  RANDOLPH  ST.  ROOM  3112 
ARLINGTON  VA  22203 


10.  SPONSOR/MONITOR'S  ACRONYM(S) 


1 1 .  SPONSOR/MONITOR'S  REPORT 
NUMBER(S) 


12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Unclassified  Unlimited  DISTRIBUTION  A 


14.  ABSTRACT 

In  this  project,  we  have  investigated  Forster  resonance  processes  in  an  atomic  sample  trapped  in  a  C02  optical  dipole  trap.  The  process  was 
investigated  as  a  function  of:  i)  atomic  density;  ii)  dc  electric  field;  iii)  and  electric  field  orientation.  In  the  literature,  such  process  has  been 
associated  with  a  many  body  effect.  However,  we  have  obtained  experimental  and  theoretical  results  which  support  that  the  process  is  dominated  by 
two  body  interactions.  This  has  been  possible  thanks  to  the  collaboration  with  Prof.  Shaffer  group  from  University  of  Oklahoma.  Several  papers 
were  published,  and  one  workshop  was  organized  in  Brazil. 


15.  SUBJECT  TERMS 

cold  atoms,  optical  traps,  Rydberg  atoms 


16.  SECURITY  CLASSIFICATION  OF: 

a.  REPORT 

b.  ABSTRACT 

c.  THIS  PAGE 

U 

u 

u 

17.  LIMITATION  OF 
ABSTRACT 


18.  NUMBER  1 19a.  NAME  OF  RESPONSIBLE  PERSON 


OF 

PAGES 


Luis  Gustavo  Marcassa 

19b.  TELEPHONE  NUMBER  (Include  area  code) 

+55(16)33739806 


Standard  Form  298  (Rev.  8/98) 

Prescribed  by  ANSI  Std.  Z39.18 
Adobe  Professional  7.0 


INSTRUCTIONS  FOR  COMPLETING  SF  298 


1.  REPORT  DATE.  Full  publication  date,  including 
day,  month,  if  available.  Must  cite  at  least  the  year  and 
be  Year  2000  compliant,  e.g.  30-06-1998;  xx-06-1998; 
xx-xx-1 998. 

2.  REPORT  TYPE.  State  the  type  of  report,  such  as 
final,  technical,  interim,  memorandum,  master's  thesis, 
progress,  quarterly,  research,  special,  group  study,  etc. 

3.  DATES  COVERED.  Indicate  the  time  during  which 
the  work  was  performed  and  the  report  was  written, 
e.g.,  Jun  1997  -  Jun  1998;  1-10  Jun  1996;  May  -  Nov 
1998;  Nov  1998. 

4.  TITLE.  Enter  title  and  subtitle  with  volume  number 
and  part  number,  if  applicable.  On  classified 
documents,  enter  the  title  classification  in  parentheses. 

5a.  CONTRACT  NUMBER.  Enter  all  contract  numbers 
as  they  appear  in  the  report,  e.g.  F33615-86-C-5169. 

5b.  GRANT  NUMBER.  Enter  all  grant  numbers  as 
they  appear  in  the  report,  e.g.  AFOSR-82-1234. 

5c.  PROGRAM  ELEMENT  NUMBER.  Enter  all 
program  element  numbers  as  they  appear  in  the  report, 
e.g.  61 1 01  A. 

5d.  PROJECT  NUMBER.  Enter  all  project  numbers  as 
they  appear  in  the  report,  e.g.  1 F665702D1 257;  ILIR. 

5e.  TASK  NUMBER.  Enter  all  task  numbers  as  they 
appear  in  the  report,  e.g.  05;  RF0330201 ;  T41 1 2. 

5f.  WORK  UNIT  NUMBER.  Enter  all  work  unit 
numbers  as  they  appear  in  the  report,  e.g.  001 ; 
AFAPL304801 05. 

6.  AUTHOR(S).  Enter  name(s)  of  person(s) 
responsible  for  writing  the  report,  performing  the 
research,  or  credited  with  the  content  of  the  report.  The 
form  of  entry  is  the  last  name,  first  name,  middle  initial, 
and  additional  qualifiers  separated  by  commas,  e.g. 
Smith,  Richard,  J,  Jr. 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND 
ADDRESS(ES).  Self-explanatory. 


8.  PERFORMING  ORGANIZATION  REPORT  NUMBER. 

Enter  all  unique  alphanumeric  report  numbers  assigned  by 
the  performing  organization,  e.g.  BRL-1234; 
AFWL-TR-85-401 7-Vol-21  -PT-2. 

9.  SPONSORING/MONITORING  AGENCY  NAME(S) 
AND  ADDRESS(ES).  Enter  the  name  and  address  of  the 
organization(s)  financially  responsible  for  and  monitoring 
the  work. 

10.  SPONSOR/MONITOR'S  ACRONYM(S).  Enter,  if 
available,  e.g.  BRL,  ARDEC,  NADC. 

11.  SPONSOR/MONITOR'S  REPORT  NUMBER(S). 

Enter  report  number  as  assigned  by  the  sponsoring/ 
monitoring  agency,  if  available,  e.g.  BRL-TR-829;  -215. 

12.  DISTRIBUTION/AVAILABILITY  STATEMENT.  Use 

agency-mandated  availability  statements  to  indicate  the 
public  availability  or  distribution  limitations  of  the  report.  If 
additional  limitations/  restrictions  or  special  markings  are 
indicated,  follow  agency  authorization  procedures,  e.g. 
RD/FRD,  PROPIN,  ITAR,  etc.  Include  copyright 
information. 

13.  SUPPLEMENTARY  NOTES.  Enter  information  not 
included  elsewhere  such  as:  prepared  in  cooperation 
with;  translation  of;  report  supersedes;  old  edition  number, 
etc. 

14.  ABSTRACT.  A  brief  (approximately  200  words) 
factual  summary  of  the  most  significant  information. 

15.  SUBJECT  TERMS.  Key  words  or  phrases  identifying 
major  concepts  in  the  report. 

16.  SECURITY  CLASSIFICATION.  Enter  security 
classification  in  accordance  with  security  classification 
regulations,  e.g.  U,  C,  S,  etc.  If  this  form  contains 
classified  information,  stamp  classification  level  on  the  top 
and  bottom  of  this  page. 

17.  LIMITATION  OF  ABSTRACT.  This  block  must  be 
completed  to  assign  a  distribution  limitation  to  the  abstract. 
Enter  UU  (Unclassified  Unlimited)  or  SAR  (Same  as 
Report).  An  entry  in  this  block  is  necessary  if  the  abstract 
is  to  be  limited. 


Standard  Form  298  Back  (Rev.  8/98) 


Report  to  AFOSR 


Anisotropic  Interactions  between  Cold  Rydberg  Atoms 


Prof.  Dr.  Luis  Gustavo  Marcassa 


INSTITUTO  DE  FISICA  DE  S AO  CARLOS  /  USP 
Av.  Trabalhador  SaoCarlense  400,  Cx.  Postal  369 
13566-560  Sao  Carlos,  SP,  Brazil 


Principal  Investigador: 


Prof.  Dr.  Luis  Gustavo  Marcassa 

Instituto  de  Ffsica  de  Sao  Carlos  -  Universidade  de  Sao  Paulo 

Av.  Trabalhador  Saocarlense,  400 

Sao  Carlos  -  SP  -  13560-970  -  Brazil 

marcassa@ifsc.usp.br 

phone:  +55  16  3373  9806 

Final  Report  for  FA9550-12-1-0434 


Objective: 


The  main  goal  in  this  research  is  to  study  anisotropy  in  Forster  resonances  involving 
Rydberg  atoms  trapped  in  the  CO2  optical  dipole  trap. 


I.  Results 


In  this  report,  we  present  the  main  results  obtained  in  the  last  year  in  the  experiment 
of  Rydberg  atoms.  We  will  present  the  results  involving  the  density  dependence  of  a 
Forster  resonance  as  a  function  of  the  electric  field.  We  also  present  the  preliminary  results 
involving  angular  dependence  of  the  same  process. 

1.1.  Forster  resonances  in  an  optical  dipole  trap 

We  have  studied  the  process  of  energy  transfer  involving  the  state  37D  (37D  +  37D 
—*■  39P  +  35L  (L  =  1 1  and  12))  due  to  a  DC  electric  field.  At  low  densities,  the  39P  yield  as 
a  function  of  electric  field  exhibits  resonances.  With  increasing  density,  the  linewidths 
increase  until  the  peaks  merge.  Even  under  these  extreme  conditions,  where  the  Forster 
resonance  processes  show  little  electrical  field  dependence,  the  39P  population  depends 
quadratically  on  the  total  Rydberg  atom  population,  suggesting  that  a  2-body  interaction  is 
the  main  mechanism  (Fig.  1). 
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Figure  1  -  State  transfer  fraction  from  37D  to  39P  as  a  function  of  the  dc  electric  field  and  the  atomic 
density.  Related  resonances  the  L  =  O  (11)  and  Q  (12)  are  selected.  The  lower  density  was  carried  out  in  a 
magneto-optical  trap.  In  the  inset,  we  show  the  39P  state  population  as  a  function  of  the  Rydberg  atom 
population,  which  shows  a  quadratic  dependence  both  on  resonance  (1.61  V  /  cm)  and  out  of  resonance  (1:51 
V  /  cm). 


Initially,  we  have  speculated  that  the  explanation  for  such  results  was  related  to  the 
inner  part  of  the  potential  curves,  which  presents  several  "spaghetti"  potential  curves  with 
many  interactions,  including  dipole-quadrupole  and  quadrupole-quadrupole.  Unfortunately, 
this  interpretation  was  wrong,  because  we  had  not  considered  the  Rydberg  excitation 
blockade,  which  happens  in  samples  of  Rydberg  atoms.  Therefore,  to  reproduce  the 
experimental  data,  it  was  necessary  to  consider  a  model  that  includes  the  excitation 
blockade.  In  Fig.  2,  we  show  the  37  D  and  39P  populations  as  a  function  of  the  excitation 
frequency,  the  solid  lines  are  the  theoretical  model.  We  should  emphasize  that  the 
theoretical  model  was  able  to  reproduce  the  correct  ratio  of  the  37D  and  39P  populations. 
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Figure  2  -  37D  and  39P  populations  as  a  function  of  the  excitation  frequency  of  the  Rydberg  state.  The  solid 
lines  were  obtained  from  our  theoretical  model  with  no  free  parameters.  The  electric  field  in  this  situation 
was  of  1.61  V  /  cm. 


In  Fig.  3,  we  show  the  mixture  fraction  as  a  function  of  electric  field  and  the  atomic 
density.  The  red  lines  are  for  the  theoretical  curves  considering  the  errors  in  the  density 
determination.  The  agreement  is  very  good.  As  the  atomic  density  increases,  the  fraction  of 
mixture  saturates  at  0.4.  At  low  density,  the  model  predicts  the  correct  linewidth  of  the 
resonance,  which  is  due  linewidths  of  the  lasers,  the  multi-level  nature  and  potential  of  pair 
distribution  function. 

The  natural  question  is  “which  mechanism  is  responsible  for  the  transfer  of 
population  saturation  behavior  at  high  densities”.  It  is  clear  that  the  outer  part  of  the 
potential  curves  is  responsible  for  the  explanation  of  such  behavior,  which  seems 
contradictory.  As  the  atomic  density  increases,  the  excitation  blockade  occurs;  in  another 
word,  just  one  Rydberg  atom  is  excited  in  a  5  um  radius  sphere.  For  a  distance  greater  than 
5  um,  the  potential  is  irrelevant,  but  the  mix  of  states  is  very  strong  because  the  states  are 
almost  degenerate.  The  atomic  pair  distribution  function  is  also  irrelevant,  since  at  the 
working  densities  such  parameter  is  basically  equal  to  one.  Combinations  of  all  these 
parameters  lead  to  a  transfer  rate  that  saturates  and  is  independent  of  dc  electric  field.  We 
should  emphasize  that  this  is  the  first  model  that  explains  Forster  resonance  in  Rydberg 
atoms  considering  two  body  interaction.  This  model  is  based  on  two  bodies  and  has  no  free 
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parameters;  therefore,  we  have  submitted  the  manuscript  to  the  journal  Physical  Review 
Letters. 


p  *  1 .2xlOw  cm'*  p  ■  3.2x10"  cm'1  p  ■  9x10"  cm1 


Electric  Field  (mV/an) Electric  Field  (mV/an) Electric  Field  QnV/an) 


Figure  3  -  Population  transfer  as  a  function  of  electric  field  and  the  atomic  density.  Solid  lines  were  obtained 
from  our  theoretical  model  with  no  free  parameters,  considering  the  experimental  uncertainties  in  atomic 
density. 


1.2.  Angular  dependence  of  a  Forster  resonance 

In  this  last  year,  we  have  obtained  our  first  results  involving  the  39P  population 
transfer  as  a  function  of  the  angle  between  the  dc  electric  field  and  the  axis  of  the  dipole 
trap.  Initially,  we  have  faced  some  technical  dificulties  because  our  dc  eletric  field  control 
system  presented  some  inhomogeneities.  In  Figure  4,  we  show  the  39  P  population  as  a 
function  of  the  electric  field  for  various  angle  scans  in  a  two-dimensional  graph.  In  the 
upper  part  of  the  figure,  we  show  the  39P  population  as  a  function  of  the  dc  field  for  a 
given  angle.  In  figure  4,  the  values  of  each  scan  was  normalized  to  its  highest  value,  so  that 
all  scans  are  limited  to  values  between  0  and  1 .  It  is  clear  from  the  experimental  data  that 
the  amplitude  of  the  electric  field  changes  depending  on  the  angle;  this  produces  a  shift  of 
the  Forster  resonance  peaks. 
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Figure  4  -  Angular  map  of  the  39  P  population  transfer  as  a  function  of  the  electric  field.  Scans  are  performed 
at  fixed  angles.  The  upper  plot  shows  the  39P  population  for  a  40  degree  angleA 

Apparently,  the  problem  was  related  to  the  electrode  calibration  procedure.  After 
redoing  the  calibration  procedure,  we  have  performed  an  angular  scan  of  the  dipole  trap  in  a 
static  electric  field,  corresponding  to  a  peak  of  a  Forster  resonance.  Figure  5a  shows  the 
39P  population  as  a  function  of  the  angle  between  the  electric  field  and  the  axis  of  the  trap 
in  the  x  direction.  We  can  clearly  observe  an  angular  dependence  in  the  maximum  density 
region.  In  fig.  5b,  we  show  the  population  due  to  the  dc  electric  field.  We  are  currently 
collaborating  with  the  OU  group  to  explain  this  anisotropy. 
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Figura  9  —  a)  Population  39P  state  as  a  function  of  angle  for  high  and  low  density,  b)  Population  according 
to  the  static  field  for  three  angles. 
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